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FOREWORD

This report continues a series of estimates of probable maximum pre
cipitation made by the Hydrometeorological Branch, Office of Hydrology of
the Weather Bureau. The major previous studies by the Branch have been
funded by the Corps of Engineers, Department of the Army, primarily to meet
needs associated with their river basin projects. These reports have been
made available to all interested engineers and other citizens through pub
lication.

The present report is funded by the Tennessee Valley Authority in sup
port of a new appraisal of the potential for high flows on the Tennessee
River near Chattanooga. This report draws on the techniques and experience
of the former studies and in turn advances the state of the art, particular
ly regarding hydrometeorological procedures for larger basins in the south
central and southeastern states.
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Chapter I

INTRODUCTION

Purpose of report

The maximum flood potential at Chattanooga, Tenn. can be evaluated
using extreme upstream rainfall. This report provides estimates of extreme
rainfall for the total 21,400-sq. mi. Tennessee River drainage above ~
Chattanooga and for a 7980-sq. mi. sub-basin. These basins are outlined on
figures 1-1 and 1-2.

Authorization

The authorization for this study is an agreement between ~he Tennessee
Valley Authority and the U. S. Weather Bureau. Excerpts from the agreement
are found in appendix A.

Scope

Two categories of extreme precipitation, namely probable maximum pre
cipitation {PMP} and a standardized less extreme rainfall, called "TVA
precipitation" are included in this report. These categories are discussed
in chapter II.

Emphasis is given to two general types of storms, the cool-season
winter-type and the warm-season hurricane-type. The month-to-month vari~
ation in the values of extreme rainfall, including characteristic within
basin areal distribution, are developed for the March through September
season. The intense, small-area, summer thunderstorm type is not of concern
for the 21,400- and 7980-sq. mi. basins dealt with in this report.

The report also provides storm conditions that could be antecedent and
subsequent to each of the extreme rainfall categories.

Organization of report

The report consists of seven chapters. The final chapter- is a resume
of storm criteria including all nece$sary information and recommendations
for use. The figures and tables of chapter VII give twelve 6-hr. increments
of probable maximum and TVA precipitation with isohyetal patterns that pro
vide within-basin depth-area relations.

An appraisal of the overall problems is made in chapter II. Chapter
III deals with the meteorology of important storms including both cool
season and summer types. Topographic effects on distribution and on volume
of rainfall in the Tennessee Basin above Chattanooga are discussed in chap
ter IV. Chapter V presents the probable maximum and TVA precipitation esti
mates including month-to-month variations. Antecedent and subsequent
rainfall conditions are presented in chapter VI.



Figure 1-1.
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Figure 1-2.
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The figures most important to understanding the report are placed in
the body of the report. Additional complementary figures are shown in
appendix B. A list of references begins on page 117 and are numbered ac
cording to their order of occurrence by chapter.
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Chapter II

THE PROBLEM OF ESTIMATING EXTREME PRECIPITATION - AN APPRAISAlI

The purpose of this chapter is twofold. The first is to clarify the
character of and the relationship between the two categories of extreme pre
cipitation presented in this report. The second is to present Tennessee
Basin characteristics important for estimating extreme precipitation.

Concept of proba~le maximum precipitation (PMP)

There is no universal agreement on a single precise meaning of PMP. It
is reasonable to assume that a physical upper limit to the rate of rainfall
does exist. Physical limitations on the joint occurrence of the various
rain-favoring meteorological parameters impose limits on the rainfall magni
tude.

The definition of PMP that is used in this report is the rainfall depth
(for a particular size basin) that approaches the upper limit that the pres
ent climate can produce.

Development of PMP values

Observed storms must influence greatly the estimate of PMP. In regions
of high, elongated, topographic barriers theoretical' models of air flow may
help substantially. For the complicated topography of the Tennessee River
drainage the use of theoretical flow models is not feaSible. The existing
topographic effects need to be conSidered, however, for making any necessary
adjustments to basic PMP values derived from storm experience.

Storms that have occurred in the basin provide the starting point.
These give rainfall values we~ can occur in the basin. A better esti
mate of an upper limit to rainfall in a basin results through making al
lowance for the occurrence in the basin of appropriate storms removed or
transposed from their actual place of occurrence. This introduces the
accepted hydrometeorological principle of storm transposition. Application
of the storm transposition principle requires mature meteorological judgment
on the nature of storm types and, in turn, on the establishment of trans
position limits.

An additional important ingredient in estimating the PMP is a maximizing
of observed storms (both those occurring within the basin and those trans
posed to the basin). This maximizing step is accomplished by increasing the
depth-duration-area rainfall values by applying a higher water vapor content
of the air than actually existed. The higher water vapor values however,
are no greater than maximum observed flowing to the basin.

Finally, an interpretation is required of the composite of all the re
sulting rainfall values from transposed and maximized storms. If PMP esti
mates have been made for similar-sized nearby basins, consistency checks
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with these estimates are made. Recognition should also be given to the
amount and quality of the available storm data. The adopted PMP values 
whether resulting from a liberal or close envelopment of the data - depend
upon such factors.

Relation of probable maximum to TVA precipitation

Most users of PMP estimates apply an additional level of possible rain
storm experience. The Tennessee Valley Authority uses a TVA storm* which is
defined as a storm "resulting from transposition and adjustment to the
Tennessee Basin without maximization of appropriate storms which have oc
curred elsewhere." Thus, the TVA precipitation is less conservative than
the PMP by virtue of elimination of the maximization-for-moisture step.

In the development of separate estimates of PMP and TVA precipitation
in this report (chapter V) this maximization distinction is retained in the
methods applied to cool-season storm types. However, for the warm-season
storm type a distinction based on storm maximization-for-moisture is tenuous
and rather meaningless. Lmportant tropical storms and/or hurricanes nearly
always occur with high moisture charge; in fact, this must be so for storms
that derive the bulk of their energy from the latent heat of condensation.
This contrasts to the extratropical winter-type storm where significant ki
netic energy derives from the conversion of potential energy existing in
strong thermal gradients. For summer, therefore, a distinction of PMP from
TVA precipitation is based on a less liberal envelopment of observed data in
the TVA precipitation case compared to the PMP case (chapter V).

Significant basin features

Enumerated below are features of the Tennessee Basin that are important
to estimates of extreme rain.

1. The basin is sufficiently far north to come under the influence of
major mid-latitude storms especially from November through March.

2. The basin is sufficiently c.1ose to the Atlantic Ocean and Gulf of
Mexico to be affected by decadent hurricanes and/or tropical storms.

3. The major axis of the basin has approximately the same orientation
as many of the rainfall patterns of major storms.

4. The flow of the Tennessee River is opposite to the prevailing
westerly flow in the atmosphere.

5. There are topographic features in the basin that affect rainfall
distribution patterns. The most direct flow of moisture from the Gulf or
the warm Atlantic source must pass over barriers in reaching the northeast~

ern portion of the basin.

*See footnote, attachement A of appendix A (p. 121).
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Chapter III

METEOROLOGY OF MAJOR STORMS

Introduction

The major flood season in the Tennessee Basin is late November through
mid April. During this season the basin experiences the frontal or cyclone
storm-type that accounts for most of the important rains in the S.outheastern
United States in the cool season. The salient meteorological features of
these storms are summarized in the second part of this chapter, (B).

Hurricanes, while rare, are the principal large-area threats in summer.
These storms are discussed in the third part of this chapter, (C).

The meteorology of major storms.in any basin is best appreciated by an
examination of the climate which has prevailed in that area. The chapter
begins therefore with a synopsis of the rainfall climate, (A).

3-A. CLIMATIC FEATURES OF TENNESSEE BASIN

The rainfall climate of the Tennessee Basin is summarized by consider
ing rainfall for durations ranging from a day to a year. Particular emphasis
is given to the extremes. Annual precipitation provides a benchmark.

Mean annual precipitation. The mean annual precipitation over the
Tennessee Basin above Chattanooga is shown on figure 1-2. Portions of the
Great Smokies and Blue Ridge are the rainiest spots in the United States
east of· the Rocky Mountains with annual rainfall amounts in excess of 80
inches. In contrast, the more sheltered portion of the nearby Upper French
Broad River Valley has some of the lowest mean annuallrainfall amounts both in
the basin and in the eastern half of the United States. The less rugged
remaining portion of the basin west of the Great Smokies shows relatively
minor variations in mean annual precipitation.

There is a gradual decline in annual precipitation northeastward along
the Tennessee and Holston River Valleys. The decline in precipitation can
be attributed to two factors•. One is the increasing distance.from the mois
ture source. The other and more important factor is the sheltering of the
area above Knoxville by the higher ridges of the Great Smokies and Blue
Ridge from direct inflow of Gulf moisture. There is also same shielding by
the Cumberland Plateau (Ref. 3-1).

Monthly and shorter duration precipitation

To obtain a picture of the rainfall regimes in the Tennessee Basin,
mean monthly, maximum monthly and 24-hr. maximum rainfalls are summarized
for Chattanooga and Knoxville, Tenn. and Asheville, N. C. A tie-in with
surrounding areas is accomplished by summarizing similar data for Birmingham,
Ala., Louisville, Ky., and Memphis Tenn., (see inset, fig. 1-1). The data
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for the six stations are shown on f~gures 3-1 through 3-6. Most of the rain
fall statistics are from Local Climatological Data (Ref. 3-2). Data from
Technical Paper No. 15 (Ref. 3-3) were used for extending the 24-hr. rainfall
records to earlier years.

Rain data for 3- and 10-day durations that were already processed in
another study were summarized. The averages of the highest five 3- and
10":dayraInsare shOwn on-figure 3-7 for Memphis and on figure 3-8 for
Asheville. These are for a 50-yr. period of record (1912-1961). The single
highest with its year of occurrence is also shown on these figures.

Assuming Chattanooga and Knoxville most typical as indicators of winter
type storm capability, the evidence of a springtime maximum suggests that
this be given the greatest emphasis in developing estimates of extreme pre
cipitation for the basins. Likewise, the hurricane needs to be given serious
consideration in estimating summertime precipitation capabilities. The un
usual hurricane rainfall of July 191~ at Birmingham (fig. 3-5) reverses the
seasonal trend suggested by the remaining data for this station.

The data of figures 3-1 through 3-8 have some additional application to
month-to-month variation and to antecedent rainfall, discussed in chapters
V and VI.

3-B. METEOROLOGY OF COOL-SEASON STORMS

Large-scale controls

Major rainfall floods over large basins do not occur unless important
large.-scale weather features are favorable. Studies of major storms in the
Ohio and Mississippi River Valleys (Refs.3-4, 3-5) have demonstrated the
importance of (1) large troughs of low pressure above the surface, (2) front~
al zones" at the surface, (3) ~ rich and continuing moisture supply.

A recent study (Ref. 3-6) relates the position of the trough aloft, at
about 10,000 feet, to concurrent 5-day precipitation. When such a trough
aloft moves but little, then the concurrent surface feature is often a front
al zone that also moves little. This quasi-stationary character of weather
features 'provides a favorable setting for flood-producing rains by virtue of
successive bursts of rainfall falling in approximately the s~e area. This
of course also requires that the axis of moisture inflow remain relatively
fixed.

Moisture transport from the Gulf of Mexico concentrates around 1500 to
2000 feet above the ground (Ref. 3-7). Usually the 850-mb chart (approxi
mately 5000 ft.) can be used as an indicator of the prevailing rain-producing
moisture inflow for storms in Eastern United States. High values of moisture
transport at the 850-mh level are nearly always associated with heavy rain
Situations. Therefore, in the following discussions of recent storms the
850-mb chart is emphasized in addition to the weather charts for the surface
and for 500 mb (approximately 18,000 ft.).
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Figure 3-2. Mean and extreme rainfall - Knoxville
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Figure 3-3. Mean and extreme rainfall - Asheville
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Figure 3-4. Mean and extreme rainfall - Memphis
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Figure 3-6. Mean and extreme rainfall - Louisville
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Meteorology of past Tennessee Valley storms

The meteorological features of past flood-producing storms in the Valley
are summarized below. Flood occurrences are divided into three categories:

(1) Outstanding floods prior to 1900
(2) Selected floods 1900-1936 (table 3-1)
(3) Floods since 1950 (table 3-2)

In category (2), situations are selected to obtain some cases of high
flood flows in the warmer months even though the magnitude of flow was lower
than many of the cooler-season floods not considered.

Outstanding storms prior to 1900. Three outstanding flood-producing
storms prior to 1900 were: (1) March 1-7, 1867; (2) February 23-25, 1875;
and (3) March 26-April 1, 1886.

The March 1867 storm is classified primarily as the quasi-stationary
frontal type with waves. This storm produced the highest stage of record at
Chattanooga. Limited rainfall measurements point to a total storm rainfall
of 12 inches or more extending from southwest of Chattanooga across the
headwaters of the Hiwassee and Little Tennessee drainages.

The "Clingmans Dome" storm of February 23-25, 1875 was an intense con
centration of rainfall resulting from convergence within warm moist air as
low pressure systems intensified west of the Appalachians. The rainfall
centered well to the southeast of the path of the primary low-pressure dis
turbance in the manner of the April 15-18, 1900 Eutaw, Ala. storm (see
discussion of transposed storms in chapter V). The 1875 storm had an elon
gated southwest-to-northeast oriented isohyetal pattern - typical of many of
the storms transposable to the Tennessee Basin (see fig. 5-1). A rainfall
center of nearly 8 inches was located at Knoxville, Tenn.

Surface weather charts for the 1867, 1875 and 1886 storms are shown in
figures 3-9 through 3-11. These were adapted from original analyses made by
Kleinsasser.

The "Pink Beds" storm of March 26 to April 4, 1886 resulted in the third
highest discharge at Chattanooga for the period 1867 to 1937. This storm is
best classified as the quasi-stationary frontal type. The quasi-stationary
stage was accompanied by a wave disturbance. Finally, a northward moving
low-pressure system brought an end to the rainy spell.

Selected storms since 1900. The highest flow at Chattanooga for each
of seven months is shown in table 3-1.' These data are taken from Geological
Survey Water Supply Paper 1676 (Ref. 3-8). The period through 1936 is con
sidered most appropriate since increased regulation of flow by reservoirs
was introduced in subsequent years. The meteorological characteristics of
these storms are similar to those of later storms as discussed following
table 3-2. Table 3-2 (computed natural flows with stages at Chattanooga
greater than 35 ft.) summarizes recent cases (1950-1963) of high flow
abstraeted from data supplied by the TVA.
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Figure 3-9. Surface weather maps (A.M.) for March 1-7, 1867 storm
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Figure 3-10. Surface weather maps (A.M.) for February 23-25, 1875 storm



20

1016 __.--.>,..-

,
1017,,
1014-=-~==~~""'=""'~~:L::-"

March 27. 1886

March 29. 1886

March 28. 1886

March 30. 1886

Figure 3-11. Surface weather maps (A.M.) for March 26-April 1, 1886 storm
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Table 3-1

HIGHEST FLOWS BY MONTHS AT CHATTANOOGA (1900-1936)

Flow Stage
Date of High Flow (Second Feet) (Feet)

January 2, 1902 271,000 40.8
February 2, 1918 270,000 42.4
March 7, 1917 341,000 47.7
April 5, 1920 275,000 43.6
May 25, 1901 221,000 33.2
June 6, 1909 163,000 25.3
November 22, 1906 222,000 33.4

Table 3-2

COMPUTED NATURAL MAXIMUM FLOW AT CHATTANOOGA (1950-1963)

Date of High Flow

February 3, 1957
March 15, 1963
January 24, 1954
February 4, 1950
February 26, 1962
December 19, 1961
November 20, 1957
January 29, 1962
February 26, 1961
March 23, 1955
March 30, 1951

Flow
(Second Feet)

412,000
347,000
275,000
258,000
252,000
249,000
232,000
230,000
229,000
223,000
221,000

Stage
(Feet)

54.0
48.3
41.3
39.6
39.0
38.6
36.8
36.6
36.4
35.8
35.6

Meteorological discussions of some of these high flow storms are found
in recent TVA publications (Refs. 3-9, 3-10, 3-11, 3-12). Surface weather
charts for the cases of table 3-1 and for some of the recent storms are
shown in appendix B, figures 3B-l through 3B-l0b.

The highlights of these significant storms are enumerated:

(1) quasi-stationary fronts with wave developments of varying in
tensity.

(2) southwesterly flow aloft.
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(3) strongly contrasting temperatures. One example of the role of con
trasting temperatures during heavy convergence rain in the warm air occurred
on January 20, 1954,in connection with a southward-moving cold air mass.
Kleinsasser (Ref. 3-9), in discussing the rainfall of January 20, 1954,
states,

"studies of past storms indicate that such a field of
convergence remains active over an area as large as the
Tennessee Valley as long as the cold air continues its
active southward surge, frequently lasting 12 to 24 hours
and seldom exceeding 30 hours."

(4) Much thundershower activity and strong southerly low-level flow
from the Gulf of Mexico. It is noteworthy that these two features are
associated with most of the outstanding large-area cool-season storms in
the Eastern United States. This is true of the Elba, Ala. storm of March
1929. The Elba storm is one of the more important storms instrumental in
establishing the magnitude of the prabable maximum rainfall resulting from
the cool-season type storm (chapter V).

Resume.of March 1963 storm

A recent TVA publication (Ref. 3-12) presents rainfall statistics for
the storms of March 5-6, 1963 and March 11-12, 1963. Precipitation of
March 5-6 was heaviest in the mountainous southeastern section of the
Tennessee Basin with some amounts in excess of six .inches occurring mostly
in a 24-hr. period. The average over the 21,400-sq. mi. area above Chatta
nooga was 3.22 inches.

Rainfall of March 11-12, 1963 in the area above Chattanooga averaged
4.49 inches, with 3.34 inches in 24 hours, highest 24-hr. average in the
last 20 years. This compares with 4.0 inches, the. statistically-computed
March daily value with a 100-yr. return period, based on extrapolation from
the 20-yr. record (1944,';'1963).•

The heavy rain periods are best understood in terms of the prevailing
weather features. The important feature of a low-pressure trough in·the
upper levels shows up clearly in figure 3-12. This is a composite chart
showing the flow of air and prevailing temperatures that resulted from aver
aging observational data from four successive upper-air observations on
March 4-5, 1963. It shows conditions at 500 mb, or approximately 18,000
ft. above the surface.

Surface weather features were characterized by slow or restricted
motions of the prevailing fronts. Figure 3-13 demonstrates this for both
rain periods in March 1963. The approximate 2-in., 24-hr. isohyetal pat
terns and the tracks of low pressure centers are shown in figures 3-14 and
and 3-15. Primary tracks of low pressure for March (fig. 3-16) show that
disturbances move in a northeastward direction west of the basin (Ref. 3-13).
With just the right motion a strong influx of moisture may affect the basin
as in March 1963.
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A composite chart (fig. 3-17a) shows prevailing moisture conditions at
the 850-mb level for March 4-5, 1963. A tongue of moist air with a dew
point of 8°C extends northeastward from the Gulf of Mexico to Tennessee.
Another 850-mb moisture composite chart is shown as figure 3-17b. This is
based on 54 winter moist tongue cases separated into three rainfall cate
gories. The rainfall categories are simple station averages over 15,000
square miles. The outline of the mean 5°C dew point is shown in figure 3-17b
for each rainfall category. The accompanying legend shows dew point values
at specific latitudes along the axes in each category. The similarity of
the March 1963 situation to the composite winter heavy rain case (category C)
is evident.

Resume of January-February 1957 storm

Without TVA flood regulation it is estimated (Ref. 3-10, p. 1) that ac
cumulated runoff from tributary basins into the Tennessee River from this
storm would have resulted in a flood at Chattanooga second only to that of
March 1867. It is important therefore to consider the meteorological fea
tures of this storm. The TVA report (Ref. 3-10) highlights the following:

(1) The frontal zone remained quasi-stationary in the vicinity of the
tennessee River Basin for the major portion of the January 20-February 10,
1957 period.

(2) Heaviest rain fell from midnight of January 26 into February 1
(62 percent of the 21-day total fell over the basin during this period).

(3) From January 21 through February 8 a combination of a Gulf of
Alaska ridge aloft and a West Coast upper trough remained relatively fixed.

(4) During the periods of heavy rains there were no developments of
intense low-pressure disturbances. Instead, numerous wave disturbances
moved over approximately the same region.

(5) A reversal of the controlling large-scale regime aloft brought an
end to the rainy period.

The unusual January circul~tion features of 1957 are similar to those
of 1937, 1949 and 1950--months of serious floods. Weather maps for the
January-February 1957 storm are shown in figures 3-18a through 3-18d. Note
worthy of the January 1957 rains compared to those of March 1963 was the
absence of vigorous low-pressure developments. This kind of situation" per
mits a continuing influx of moisture into approximately the same region.
The rainfall in January-February 1957 was generally less intense but more
persistent than that of the March 1963 rainy periods. Comparison of rain
fall intensities for these storms is shown in table 3-3 in the form of depth
duration-area data supplied by the TVA for these two important storms.

ConclusiQ~

The March 1963 and January-February 1957 storms, like many other large
Tennessee Basin storms of earlier years, emphasize the importance of the
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